Mitochondrial DNA (mtDNA) heteroplasmy (intra-individual variation) varies among different 20 human tissues and increases with age, suggesting that the majority of mtDNA heteroplasmies 21 are acquired, rather than inherited. However, the extent to which heteroplasmic sites are 22 shared across a tissue remains an open question. We therefore investigated heteroplasmy in 23 two liver samples (one from each primary lobe) from 83 Europeans, sampled at autopsy. Minor 24 allele frequencies (MAF) at heteroplasmic sites were significantly correlated between the two 25 liver samples from an individual, with significantly more sharing of heteroplasmic sites in the 26 control region than in the coding region. We show that this increased sharing for the control 27 region cannot be explained by recent mutations at just a few specific heteroplasmic sites or 28 by the possible presence of 7S DNA. Moreover, we carried out simulations to show that there 29 is significantly more sharing than would be predicted from random genetic drift from a common 30 progenitor cell. We also observe a significant excess of non-synonymous vs. synonymous 31 heteroplasmies in the coding region, but significantly more sharing of synonymous 32 heteroplasmies. These contrasting patterns for the control vs. the coding region, and for non-33 synonymous vs. synonymous heteroplasmies, suggest that selection plays a role in 34 heteroplasmy sharing. 35 2013; Stewart and Chinnery 2015). In addition, heteroplasmy is a general phenomenon in 42 aging individuals, where the minor allele is present at rather low frequencies (often below 4%) 43 and many of the affected sites are part of the control region (Stewart and Chinnery 2015). The 44 total number of heteroplasmic sites strongly correlates with age and several studies have 45
INTRODUCTION 36
The mitochondrial genome is present in many copies in a single cell, and inter-individual 37 variation in the mitochondrial genome of an individual is called mtDNA heteroplasmy (Larsson 38 2010). In humans, it has been shown that detrimental mtDNA mutations are usually present 39 in a heteroplasmic state at low frequencies, with high frequencies of the deleterious allele 40 leading to functional defects and a disease phenotype (Larsson 2010; Wallace and Chalkia 41 Potential mechanisms underlying the more frequent sharing in the control region The r-value for sites 60, 72 and 94 only is shown as a red bar. 145 146 Frequent heteroplasmic sites. There are three sites that are frequently heteroplasmic in liver 147
( Supplementary Table S1 ) and all are in the control region (sites 60, 72, and 94). To determine 148 if these three sites are driving the higher correlation in MAF in the control region, we analyzed 149 them separately. While these three sites did indeed show a high correlation in MAF between 150 the two liver samples (Figure 2A , r = 0.91, p<0.001), the remaining sites in the control region 151 still showed a significant correlation ( Figure 2B, r=0 .82, p<0.001) that is higher than the 152 correlation for the non-control region ( Figure 1C ). To determine if the difference in correlations 153 for the three sites vs. the remaining sites in the control region was statistically significant, we 154 performed a subsampling test. As there were 113 occurrences of heteroplasmy at these three 155 sites, we sampled 113 heteroplasmies at random from the control region, calculated the 156 correlation in MAF between the two liver samples, and repeated this 1000 times. The r-value 157 for the three sites was not significantly higher than the r-values for the random subsamples ( Figure 2C) , indicating that the higher correlation between MAF for the control region than for 159 the rest of the genome is not driven solely by these three sites. 160 7S DNA. The control region includes the D-loop region, in which a third strand, the 7S DNA, 161 displaces the heavy strand and binds to the light strand. Inferred heteroplasmies in the D-loop 162 region might therefore reflect mutations in the 7S DNA rather than mutations in the mtDNA 163 itself. To see if sequences from 7S DNA were likely to be present in the sequencing libraries, 164
we estimated the relative mtDNA copy number from the capture-enrichment sequencing 165 coverage of the D-loop region and the rest of the mtDNA molecule separately, as described 1998; Nicholls and Minczuk 2014). The D-loop did not exhibit a higher copy number than the 169 other parts of the mtDNA genome, indicating that 7S DNA is unlikely to be present in the DNA 170 libraries (p=0.30 and 0.41 for blood and liver, respectively, Supplementary Figure S6A) . 171 Furthermore, the correlation between the MAF for the two liver samples is almost as high for 172
the D-loop region as it for the rest of the control region ( Supplementary Figure S6 B ,C: r=0.90 173 vs. r = 0.89). Hence, the significant correlation in MAFs in the control region is likely a 174 phenomenon of the entire control region. 175
Higher mutation rate. We also tested if heteroplasmic sites showed a higher mutation rate than 176 non-heteroplasmic sites by comparing the number of heteroplasmies to the inferred mutation 177 rate at each site, based on observed polymorphism data (Soares et al. 2009 ). Heteroplasmic 178 sites had significantly higher mutation rates than sites that were not heteroplasmic (p<0.001, 179
Supplementary Figure S7 ) with the mutation rate being higher in the control region than 180 outside the control region. However, mutation rates did not differ between shared vs. non-181 shared heteroplasmies (p>0.05, Supplementary Figure S7 ), suggesting that the mutation rate the simulations: first, all mtDNA molecules are segregated equally into two daughter 187 cells followed by replication step to re-gain the same number of mtDNA copies as in the 188 progenitor cell. After each generation ni, the MAF frequency of one random cell on each 189 site of the pedigree is determined and the MAF difference between the two cells 190 calculated. B expected difference in MAF after 10, 20, 50, 100, and 250 generations 191 since the split of the two cells. Different mtDNA copy numbers (1,000, 2,500, and 5,000; 192 kept constant throughout simulation) and initial MAFs (5%, 10%, 20%, and 50%) were in MAF might reflect this common ancestry. We therefore tested if the correlation in MAF is 205 compatible with expected amount of random genetic drift from a common progenitor cell by 206 simulating mtDNA as a two-step model ( Figure 3A ) following (Jayaprakash et al. 2015) . We 207 started with different MAFs at the initial generation n0 (5%, 10%, 20%, 50%) and different 208 constant mitochondrial DNA copy numbers (1,000, 2,500, and 5,000) and sampled the 209 difference in MAF 10, 20, 50, 100, and 250 generations after the initial split of the cells ( Figure  210 3B). For all simulations, we observed a higher MAF difference with an increasing number of 211 cell replications. This effect was more pronounced for higher MAF at generation n0 and lower 212 mtDNA copy number. Based on the observed mtDNA copy number ( Figure 3C ; mean=2,528) 213
and MAF of shared heteroplasmies with the same consensus allele ( Figure 3D ; mean=10.8%), 214 the most similar corresponding simulation is with a copy number of 2,500 and a MAF at generation n0 of 10%; for this simulation, the variance in observed MAF differences was 216 smaller than would be expected after 50 generations of random genetic drift (one-sided F-test 217 for the equality of two variances, p<0.001). With an increasing number of cell replications, the 218 simulated MAF difference further diverged from the observed values, which suggests that 219 random genetic drift cannot explain the observed sharing. 220
Differences in MAF between corresponding liver samples are not correlated with age 221
We next investigated the influence of age on heteroplasmy sharing between different liver 222 regions of an individual. Overall, the total number of different heteroplasmic sites in an 223 individual increased with age for both the control region and the coding region (Supplementary 224 Figure S8A , r=0.42 and adjusted p<0.001 both within and outside of the control region). 225
However, the MAF at heteroplasmic sites did not increase with age ( Supplementary Figure  226 S8B, r=0.09 for the control region, -0.01 for outside of the control region, adjusted p>0.05). 227
Although some heteroplasmies exhibit high MAFs only at ages above 50, many sites remain 228 at low frequencies even at older ages (Supplementary Figure S8B ). The hypothesis that 229 random genetic drift has an effect on the difference in MAF of two corresponding liver samples 230 would suggest that with increasing age the difference in MAF would increase, too. Yet, when 231 testing for a correlation between the difference in MAF between two corresponding liver 232 samples and age of the individual, we did not observe a significant correlation either within or 233 outside the control region ( Figure 4 , r=0.06 within control region, r=-0.01 outside the control 234 region, both p>0.05). In order to test whether, in contrast, specific sites have a significant 235 correlation between the MAF difference and age, we separately calculated the correlation 236 between MAF difference and age for the three most frequent heteroplasmy sites (sites 60, 72, 237 and 94), for which at least 20 individuals were heteroplasmic (Supplementary Figure S9 ). The 238 correlation between MAF and age was not significant for any of these three sites (adjusted 239 p>0.05), which further supports the hypothesis that the difference in MAF does not increase 240 with age, contrary to what would be expected from random genetic drift. were not shared. 247
Synonymous heteroplasmies are more often shared than non-synonymous ones 248
Previous studies showed that liver has a significant excess of non-synonymous 249 heteroplasmies which are predicted to have an impact on function (Li et al. 2015). We 250 investigated this by calculating the ratio of non-synonymous heteroplasmies per non-251 synonymous site vs. synonymous heteroplasmies per synonymous site (hN/hS). In the 252 absence of any selection this ratio has an expected value of 1; purifying selection results in 253 values less than 1 and positive selection results in values greater than 1. As found previously 254 Figure S8A) . We, therefore, investigated 259 whether the excess in non-synonymous heteroplasmies is age-dependent (Supplementary Figure S10B ). While both synonymous and non-synonymous heteroplasmies increased in 261 number with increasing age, only non-synonymous heteroplasmies showed a significant 262 difference between the age groups below 60 years and above 60 years (two-sided Mann-263
Whitney U test, adjusted p<0.05). We then asked if either synonymous or non-synonymous 264 heteroplasmic sites were more likely to be shared between different liver samples. Although 265 there were more than twice as many non-synonymous than synonymous heteroplasmies in 266 the data set (163 vs. 62), there were significantly more synonymous sites shared than non-267 synonymous sites (11 vs. 6, Table 2 ). Accordingly, the median MAF difference between 268 corresponding liver samples was on average higher for non-synonymous heteroplasmies than 269 synonymous ones (median MAF difference of 4.4% to 3.8%), albeit not significantly so (p>0.05, 270
Supplementary Figure S11A ). These results suggest that non-synonymous heteroplasmies 271 more often arise independently in different cells. However, neither non-synonymous nor 272 synonymous heteroplasmies showed a significant correlation for the difference in MAF 273 between corresponding liver samples with age (p>0.5, Supplementary Figure S11B ). 274 
Heteroplasmies are shared across liver lobes 279
In this study, we compared mtDNA heteroplasmy patterns in samples collected from the two our results extend these findings to different parts of the same organ within living individuals. 286
In addition, we analyzed patterns of heteroplasmy sharing and MAF correlation across 287 different parts of the mtDNA genome, which provide further information concerning the 288 potential mechanism(s) behind these observations. In particular, we found significantly more 289 sharing of heteroplasmic sites and higher MAF correlations for the control region than for the 290 rest of the genome. We showed that these differences are not due to the presence of 7S DNA, 291 nor are they driven by just a few sites. Moreover, within the coding region, we found 292 significantly more sharing of heteroplasmies and higher MAF correlations at synonymous sites 293 than at nonsynonymous sites. 294
These observations allow us to evaluate several potential explanations for this heteroplasmy 295 sharing within liver. First, a trivial potential explanation is that a heteroplasmy could appear to 296 be shared between liver lobes when it is actually present in blood. About 1 liter of blood per 297 minute flows through the blood vessels of the liver (Wynne et al. 1989 ), so the DNA from the 298 liver samples also contains DNA arising from blood cells. Heteroplasmies present in the blood 299 cells could therefore be detected as heteroplasmies in the liver samples and hence seem to 300 be shared across lobes. There are ~10 10 liver cells in 10 g of liver tissue and 5 x 10 10 blood 301 cells in 10 ml of blood (Sender et al. 2016) , and in liver autopsy samples there is approximately 302 10 ml blood per 100 g of tissue (Greenway and Stark 1971) . The ratio of liver to blood cells in 303 a liver autopsy sample is therefore about 1.8. As we additionally observed for our samples 304 that the average mitochondrial copy number is five times higher in liver than in blood samples 305 (Supplementary Figure S6a) , the overall ratio of mitochondrial genomes from liver cells to 306 those from blood cells is approximately 9 to 1. Therefore, a heteroplasmy in blood would need experimental contamination with blood DNA as the primary driver for heteroplasmy sharing 313 across liver lobes. 314
A second reason for heteroplasmy sharing could be a high mutational pressure for some sites, 315 with de novo mutations at the same site occurring independently throughout the tissue. If this 316
was the case, one would expect to see a higher correlation of MAFs for common 317 heteroplasmic sites, as those would be under high mutational pressure. We showed that this 318 is not the case for the most common heteroplasmic sites 60, 72, and 94 in the data set ( Figure  319 2), and hence this explanation is unlikely. While we further observed a higher mutation rate 320 for heteroplasmic sites than for non-heteroplasmic sites (Supplementary Figure S7) , there was 321 no difference in mutation rate between shared and non-shared heteroplasmies, suggesting 322 that the mutation rate has little impact on heteroplasmy sharing. 323
Third, it has been shown that colonic stem cells with non-synonymous mtDNA mutations can 324 expand clonally from a few cells and spread throughout a tissue by crypt fission (Greaves et 325 al. 2006) . During this process they retain the same level of mutant DNA on a cellular level. 326
While a similar mechanism in liver could explain the results presented here, this process would 327 require a cellular turnover on a huge scale throughout the entire liver, starting from just a few 328 stem cells. This does not seem very likely, as clonal expansion was shown for single intestinal 329 crypts only and is supposed to be rather slow (Greaves et al. 2006 ). Moreover, it is not clear 330 to what extent liver regeneration is driven by stem cells vs. mature hepatocytes (Grompe 2014) . 331
Fourth, heteroplasmy sharing could also derive from a pre-existing, inherited heteroplasmy 332 limited. We tested this possibility, using a simulation scheme from a previous study 335 (Jayaprakash et al. 2015) , with different initial heteroplasmy frequencies, and mtDNA copy variance in MAF between daughter cells with increasing starting MAF and decreasing mtDNA 338 copy number ( Figure 3B ). For the simulation results closest to our observed average mtDNA 339 copy number and average heteroplasmy MAF (2,500 and 10%, Figure 3C-D) , the observed 340 difference in MAF between shared heteroplasmies was smaller than would be expected after 341 random genetic drift acting on 50 mtDNA replication steps. However, more than these 50 342 suggested the exchange of mtDNA between co-cultured partner cell lines, although the 373 specific mechanism, either transfer of mitochondrial organelles or transfer of free mtDNA, 374 could not be identified (Jayaprakash et al. 2015) . Overall, such intercellular DNA exchange, 375 followed by incorporation of mtDNA fragments into the mtDNA of the recipient cells, could 376 account for the significant correlation we observe in MAF between liver lobes. 377
However, other aspects of our data are incompatible with the hypothesis of intercellular DNA 378 exchange. In particular, intercellular exchange cannot explain the significantly higher number 379 of shared heteroplasmies and correlation in MAF for the control region vs. the rest of the 380 genome, unless one postulates that mtDNA fragments arising from the control region are 381 either exchanged or incorporated between cells more frequently than mtDNA fragments 382 arising from the rest of the genome. But even then, intercellular exchange cannot explain the 383 significantly higher number of shared heteroplasmies and correlation in MAF for synonymous 384 vs. non-synonymous heteroplasmies, as both should be exchanged at the same rate between 385
cells. 386
Instead, our data suggest that even if intercellular exchange is occurring, selection must be 387 involved in the sharing of heteroplasmies and correlation in MAF between liver lobes. Several 388 aspects of the data suggest that selection influences heteroplasmies. In the coding region of 389 the mtDNA, we observed a significant excess of non-synonymous vs. synonymous constraints on non-synonymous mutations. Moreover, the number of non-synonymous 392 heteroplasmies increased significantly in individuals above 60 years. Overall, these results 393 strongly suggest positive selection for nonsynonymous heteroplasmies in liver, as found 394 previously (Li et al. 2015) , and possibly reflecting the hypothesis of the "survival of the slowest" 395 (deGrey 1997), which postulates that mitochondria with reduced respiratory function due to 396 increasing mutations suffer less degradation from the production of reactive oxygen species 397 (ROS). Hence, mitochondria that lack these mutations suffer ROS-related damage and are 398 removed from cells, thereby resulting in an increase in frequency in mtDNAs with non-399 synonymous mutations that decrease mitochondrial function. increasing evidence for both purifying and positive selection acting on heteroplasmic variants 409 warrants further investigation, particularly into the potential health-related consequences. 410
MATERIAL AND METHODS 411

Tissue collection and DNA extraction 412
Blood and liver were sampled at autopsy from 94 individuals (57 males, 37 females, age range: 413 24-94, mean: 63, median: 63). Two samples were taken from each liver, one from the right 414 lobe and one from the left lobe. DNA was extracted as previously described (Li et al. 2015) . 415
The collection of samples and the experimental procedures were approved by the Ethics blood was determined by using the Abbott RealTime ® HIV-1 and HCV systems and the 421 m2000sp/m2000rt instruments according to the instructions of the manufacturer. For detection 422 of Hepatitis B virus (HBV) DNA the Abbott RealTime ® HBV system was used. The 95% limit 423 of detection (LOD95) of the HIV, HCV and HBV assay was 40 copies/mL, 12 IU/ mL, and 10 424 IU/ mL, respectively. If inhibitory effects on enzymatic reactions were present (detected via 425 co-amplification of control RNA or DNA sequences), blood samples were re-tested at dilutions 426 of 1/5, 1/10, and 1/15 (13 samples (13%) for HIV, 91 (93%) for HCV, and 8 (7%) for HBV load). 427
For dilution, a plasma donation from a blood donor negative for HIV, HCV, and HBV was used. 428
Of the diluted samples tested for HIV, one sample was diluted 1/5, nine had to be diluted 1/10, 429
and two had to be diluted 1/15, lowering the LOD95 of the assay to 200, 400, and 600, 430
respectively. In one sample, inhibition could not be eliminated by sample dilution. Of the diluted 431 samples tested for HCV, one, 78, and two samples were diluted 1/5, 1/10, and 1/15, 432 respectively, lowering the LOD95 of the assay to 60, 120, 180 IU/ml, respectively. In 10 433 additional samples no result could be achieved, even after dilution. Of the diluted samples 434 tested for HBV load, 3, 2, and 2 samples were diluted 1/5, 1/10, and 1/15, respectively, 435 lowering the LOD95 of the assay to 50, 100, and 150 IU/mL, respectively. All other samples 436 were tested without any dilution. 437
Fat content of the liver was determined by histological investigations and Sudan staining 438 (Mulisch M 2015) . Tissues with <10% hepatocytes including fat droplets were considered low, 439 10-30% were medium, 31-50% were high fat and >50% were considered adipohepatic. frequent minor allele was at least 2.5% on both the forward and reverse strand; the sequencing 450 depth was at least 500-fold at a candidate site; and there were at least 10 reads supporting 451 the minor allele on each strand. Additionally, we required a minimum heteroplasmic quality 452 score of 10 on each strand. In order to discriminate a true heteroplasmy from sequencing error, 453 the DREEP pipeline compares the minor allele pattern of any inferred heteroplasmic site to a 454 database that comprises the minor allele patterns at this site from all other individuals in the 455 study. When the majority of the samples are from a single tissue like liver in this study (two 456 liver samples and one blood sample per individual), DREEP is prone to considered commonly 457 heteroplasmic sites as elevated sequencing error and therefore under-estimates the 458 heteroplasmic quality score for these. Thus, we used the information about commonly 459 heteroplasmic sites from (Li et al. 2015) to flag these for both blood and liver tissue in this 460 study, respectively. A site was considered commonly heteroplasmic in a tissue when at least 461 five individuals were heteroplasmic for it. Based on this criterion, we ignored the heteroplasmic 462 as all blood samples with each other were performed. All three samples of an individual were 470 removed if all of the following criteria were fulfilled for any pairwise comparison between 471 individuals across all sites of the mitochondrial genome: 1) for at least 80% of the sites, for 472 which two samples had different consensus alleles, the minor allele in the recipient sample 473 was identical to the major allele in the donor sample; 2) the average MAF across these sites 474 was at least 1%; and 3) at least 60% of all sites in the recipient sample, for which a minor 475 allele was observed, were identified as heteroplasmies by the DREEP pipeline (Li et al. 2010; 476 Li and Stoneking 2012). Furthermore, an additional filter for potential contamination was 477 applied, in which the heteroplasmic sites for each sample were checked to see if five or more 478 sites could be explained by contamination from another haplogroup. In total, ten individuals 479 were removed in these contamination filter steps. Finally, we removed a single individual 480 because its samples had more than 2% of the MT genome below a sequencing depth of 500-481 fold, the cut-off for being considered a heteroplasmy, and thus would have had a higher false 482 negative rate than the other samples. Overall, we retained 83 individuals for the subsequent 483 analyses. Minor allele frequencies were calculated with respect to the major allele in blood. 484
Correlation analysis 485
Statistical analysis was performed using R (https://www.R-project.org), with analyses 486 performed for the entire mtDNA genome and separately for the coding region (577-16,023), 487 the control region (16,024-576) and the D-loop region (16,097-191). For correlation of MAFs, 488
we selected only sites that were identified as heteroplasmies and passed our quality filters in 489 at least one of the tissues. We then compared the MAFs of these heteroplasmies to the MAF 490 in the other tissues of an individual, even if the site was not detected as a heteroplasmy in the 491 other tissues. Pearson correlation coefficients were calculated for correlations between MAFs 492 among samples as well as for correlations with age assuming a two-sided alternative 493 hypothesis; the significance of the correlation was tested by randomly permuting the data. 
